Nodeless superconductivity in Iri_ :c Pt :! ;Te 2 with strong spin-orbital coupling 



(N 

o 

OV 



o 
o 

03 



T3 

o 
o 



>: 

OV 

(N 
Ov 

o: 



X 



S. Y. Zhou, 1 B. Y. Pan, 1 X. Qiu, 1 J. Pan, 1 X. C. Hong, 1 X. L. Li, 1 Z. Zhang, 1 
J. J. Yang, 2 Y. S. Oh, 3 S-W. Cheong, 2 ' 3 and S. Y. Li 1 -* 
1 State Key Laboratory of Surface Physics, Department of Physics, 
and Laboratory of Advanced Materials, Fudan University, Shanghai 200433, P. R. China 
2 Laboratory for Pohang Emergent Materials and Department of physics, 
Pohang University of Science and Technology, Pohang 790-784, Korea 
3 Rutgers Center for Emergent Materials and Department of physics & Astronomy, 
Rutgers University, Piscataway, New Jersey 08854, USA 
(Dated: September 20, 2012) 

The in-plane thermal conductivity k of the layered superconductor Iri_ I Pt 2! Te2 singe crystal 
was measured down to 50 mK. In zero field, a finite residual linear term ko/T is observed, which 
is usually considered as the signature of nodal superconducting gap. However, in magnetic field, 
kq/T decreases first, then increases slowly with increasing field. This field dependence of Ko/T is 
inconsistent with nodal gap. We attribute the finite Ko/T in zero field and the decrease of Ko/T in 
low field to the nonsuperconducting impure phase in the crystal. The overall slow field dependence 
of Ko/T manifests the underlying nodeless superconducting gap in Iri_ a: Pt :E Te2, which puts strict 
constrain on the pairing symmetry. 
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The effect of strong spin-orbital coupling (SOC) on 
superconductivity has recently attracted much atten- 
tions. One example is the topological superconduc- 
tor, such as candidate Cu^d^Ses in which Cu atoms 
are intercalated into topological insulator Bi2Se3 with 
strong SOCi Novel superconducting state was claimed 
in Cu2;Bi2Se3 by the point-contact spectra and super- 
fluid density measurements. 2,3 Another example is the 
noncentrosymmetric superconductor, such as Li2Pt3B in 
which the spatial inversion symmetry is broken. 4 The 
strong SOC in Li 2 Pt3B gives large spin-triplet pairing 
component and produces line nodes in the superconduct- 
ing gap££ 

Very recently, superconductivity was discovered in the 
layered compound IrTe2 by Pd intercalation (Pd^IrT^), 
Pd substitution (Iri_ x Pd x Te2), or Pt substitution 
(Iri_ x Pt x Te2)»£>£ The parent compound IrTe2 shows a 
charge-orbital density wave (DW) type transition at ~ 
262 K. 7 With increasing the doping level x, the DW 
transition is gradually suppressed and superconductiv- 
ity emerges, showing a domelike phase diagram with the 
maximum T c of 3 K near x « 0.04.— £ 

Since the SOC is proportional to Z 4 , where Z is the 
atomic number, the superconductivity in doped IrTe2 
must associated with strong SOC due to the large Z. 
Therefore it is of great interest to investigate whether 
there is novel superconducting state in doped IrTe2, as in 
Cu 2 ,Bi 2 Se33i 3 . Furthermore, the phase diagram of doped 
IrTe2 is reminiscent of high-T c cuprates and some heavy 
fermion superconductors, in which superconductivity ap- 
pears close to a magnetic quantum critical point (QCP). 
This means that there likely exists a QCP of charge- 
orbital DW under the superconducting dome of doped 
IrTe2, and the DW fluctuations may give unconventional 
superconductivity. 9 

The ultra-low-temperature thermal conductivity mea- 



surement is a bulk tool to study the gap structure of 
superconductors^ The existence of a finite residual lin- 
ear term Kq/T in zero held is usually considered as the 
signature of nodal superconducting gap. Further infor- 
mation of nodal gap, gap anisotropy, or multiple gaps 
may be obtained from the held dependence of ko/TJ^- 
Previously, single-gap s-wave superconductivity near the 
QCP of charge DW has been clearly shown in Cua;TiSe2 
by thermal conductivity measurements^ 

In this Rapid Communication, we probe the supercon- 
ducting gap structure of Iri_ 2 ,Pt a; Te2 by measuring the 
thermal conductivity k of a single crystal down to 50 
mK. Although a residual linear term kq/T is observed in 
zero field, the field dependence of kq/T shows unusual 
behavior different from a nodal superconductor. It de- 
creases first in low field, then slowly increases in higher 
field. We attribute the finite kq/T in zero field and the 
decrease of kq/T in low field to the nonsuperconducting 
impure phase in the crystal, while the overall slow field 
dependence of kq/T is very similar to that in Cua;TiSe2, 
suggesting nodeless superconducting gap in Iri-^Pt^T^. 

Single crystals of Iri_ a Pt x Te2 superconductors were 
grown by the flux method for the first time*^ It is found 
that the homogeneous Iri_2;Pt x Te2 single crystals with 
large superconducting volume fraction are very difficult 
to obtain, which is similar to the case of Cu x Bi2Se3.— ^ 
Based on magnetic susceptibility measurements, the in- 
homogeneity of Pt content is apparent for different sin- 
gle crystals from the same batch and different parts from 
the same single crystal. Even for a small single crystal, 
different pieces cleaved along the c axis show different 
superconducting transition curves. 

Despite of the inhomogeneity, we choose the best su- 
perconducting single crystal available, with the nominal 
composition Iro.sPto.2Te2. The sample was cleaved to a 
rectangular shape of dimensions 2.0 x 0.7 mm 2 in the 
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FIG. 1: (Color online), (a) The dc magnetic susceptibility 
of Iri_ a; Pt a ;Te2 single crystal with nominal x = 0.20. (b) In- 
plane resistivity of the nominal Iro.8Pto.2Te2 single crystal. 
The data between 3 and 30 K can be fitted to p(T) — po + 
AT n , with po = 24.60 ± 0.01 pQcm and n = 2.9 ± 0.1 . The 
inset is a plot of low temperature p(T) vs T 2 ' 9 . 



FIG. 2: (Color online). (a) Resistivity of the nominal 
Iro.8Pto.2Te2 single crystal in magnetic field up to 0.3 T. (b) 
Temperature dependence of the upper critical field H C 2(T), 
defined as the point dropping to 10% of the normal-state re- 
sistivity on the curves in (a). The dashed line is a guide to 
the eye, which points to H c2 (0) w 0.085 T. 



ab plane, with 40 pm thickness along the c axis. The dc 
magnetic susceptibility was measured by using a SQUID 
(MPMS, Quantum Design). Four silver wires were at- 
tached to the sample with silver paint, which were used 
for both resistivity and thermal conductivity measure- 
ments. The contacts are metallic with typical resistance 
10 mfi at 2 K. In-plane thermal conductivity was mea- 
sured in a dilution refrigerator, using a standard four- 
wire steady-state method with two Ru02 chip thermome- 
ters, calibrated in situ against a reference RuC>2 ther- 
mometer. Magnetic fields were applied along the c axis 
and perpendicular to the heat current. To ensure a ho- 
mogeneous field distribution in the sample, all fields were 
applied at temperature above T c . 

Figure 1(a) presents the dc magnetic susceptibility of 
Iri_ x Pt a ;Te2 single crystal with nominal x — 0.20. It was 
measured in H — 20 Oe perpendicular to the ab plane, 
with zero field cooled. The onset of diamagnetic tran- 
sition is at 2.7 K, and the transition does not complete 
down to 1.8 K. The superconducting volume fraction is 
about 55% at 1.8 K, showing bulk superconductivity of 
the sample. However, the wide transition indicates inho- 
mogeneity of Pt content inside the sample. 

Figure 1(b) shows the in-plane resistivity of the nom- 
inal Iro.8Pto.2Te2 single crystal in zero field. The mid- 
dle point of the resistive transition is at T c — 2.3 K, in 
agreement with the susceptibility measurement. No re- 



sistivity anomaly is observed above T c , which suggests 
that no DW transition occurs in our sample. Because 
the DW transition disappears near the optimal doping 
x « 0.04 in Ir i _ :E (Pd,Pt) a; Te2 system^ and the T c of 
our sample is lower than the optimal T c w 3 K, our sam- 
ple should be on the overdoped side. Hereafter our sam- 
ple is named OD20. The resistivity of OD20 between 3 
and 30 K can be fitted to p(T) = p + AT n , with p = 
24.60 ± 0.01 /iflcm and n = 2.9 ± 0.1. The insert of 
Fig. 1(b) plots the low temperature p(T) vs T 29 , which 
is linear. Such a temperature dependence of p(T) has 
been observed in Iri_ a; Pt :r Te2 polycrystal and attributed 
to phonon-assisted interband scattering, 8 as in TiSe2-— 

Figure 2(a) shows the resistivity of OD20 in a magnetic 
field up to H = 0.3 T. The superconducting transition is 
gradually suppressed and no transition is observed down 
to 50 mK in H = 0.3 T. In Fig. 2(b), we plot the temper- 
ature dependence of the upper critical field H C 2, defined 
as the point dropping to 10% of the normal-state resis- 
tivity on the curves in Fig. 2(a). The dashed line is a 
guide to the eye, which points to H C 2(0) ps 0.085 T. This 
value is half of the -ff C 2(0) ~ 0.17 T for optimally doped 
Iro.96Pto.o4Te2 polycrystal with T c = 3 K£ 

The in-plane thermal conductivity of OD20 in zero and 
finite magnetic fields are plotted in Fig. 3, as k/T vs 
T. All the curves are roughly linear. Therefore we fit 
all the curves to k/T = a + bT a ~ Y with a fixed to 2, 
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FIG. 4: (Color online). Normalized residual linear term ko/T 
of the nominal Iro.8Pto.2Te2 single crystal as a function of 
H/H C 2- For comparison, similar data are shown for the 
clean s-wave superconductor Nb,— the dirty s-wave supercon- 
ducting alloy InBi,— an overdoped d-wave cuprate supercon- 



ductor Tl-2201, 
Cuo.oeTiSea.— 



and the single-gap s-wave superconductor 



FIG. 3: (Color online). Low-temperature in-plane thermal 
conductivity of the nominal Iro.8Pto.2Te2 single crystal in zero 
and magnetic fields applied along the c axis. The solid lines 
are fits to k/T = a + 6T a_1 with a fixed to 2. The dash 
lines are the normal-state Wiedemann-Franz law expectation 
Lo/po, with Lo the Lorenz number 2.45 x 10~ 8 Wf2K~ 2 and 
po = 24.60 fiQcm, respectively. 



in which the two terms aT and bT a represent contribu- 
tions from electrons and phonons, respectively . 15 > The 
power a of the second term contributed by phonons is 
typically between 2 and 3, due to specular reflections of 
phonons at the boundar y 15 i 16 Previously a « 2.2 was 
found in Cuo.o6TiSe2ri and recently a ~ 2 has been 
observed in some iron-based superconductors such as 
BaFei. 9 Nio.iAs 2 r£ KFe 2 As 2 r^ and Ba(Fei_ :c Ru 2; )2As2 
single crystals.— Here we only focus on the electronic 
term. 

For OD20 in zero field, the fitting gives a residual lin- 
ear term n /T = 0.229 ± 0.001 mW K~ 2 cm" 1 . This 
value is about 23% of the normal-state Wiedemann- Franz 
law expectation knq/T = L /p = 1.00 mW K~ 2 cm -1 , 
with L the Lorenz number 2.45 x 10~ 8 W£1K~ 2 and 
normal-state po = 24.60 /ificm. Usually, a finite kq/T in 
zero field comes from nodal quasiparticles in a supercon- 
ductor with nodal gapJ^ For example, Ko/T = 1.41 mW 
K~ 2 cm -1 for the overdoped cuprate T^B^CuOg+a (Tl- 
2201), a d-wave superconductor with T c — 15 and 
k /T = 17 mW K~ 2 cm -1 for the ruthenate Sr 2 Ru0 4 , 
a p- wave superconductor with T c = 1.5 K. 21 However, if 
some nonsuperconducting and metallic impure phase ex- 
ists in a nodeless superconductor, it will also contribute 



a finite kq/T in zero field. For example, kq/T = 0.3 mW 
K~ 2 cm -1 , of the normal-state value, was observed 
and attributed to the inclusions of pure graphite in the 
single-gap s-wave superconductor CgYh with T c = 5.4 
KM 

Since we are aware that our single crystal is inhomoge- 
neous, it is essential to check the field dependence oIkq/T 
to distinguish between above two cases. In the case of 
nodal superconductor, kq/T increases rapidly (~ H 1 / 2 ) 
in low field due to the Volovik effect,-^ as in Tl-2201^ 
However, in the case of single-gap s-wave superconduc- 
tor containing nonsuperconducting impure phase, kq/T 
displays a slow field dependence, as in CeYbM In Fig. 3, 
all the data of OD20 are fitted and kq/T is obtained for 
each magnetic field. Note that in the normal state of H 
= 0.1 T, the fit gives k /T = 0.96 ± 0.01 mW K~ 2 cm" 1 , 
which roughly satisfies the Wiedemann-Franz law. The 
bulk H C 2(0) is determined as 0.1 T, slightly higher than 
H c2 (0) = 0.085 T from the resistivity data in Fig. 2. A 
slightly different H C 2 (0) does not affect our discussion on 
the field dependence of kq /T below. 

In Fig. 4, the normalized kq/T of OD20 is plotted as 
a function of H/H c2 . For comparison, we also plot the 
data of the clean s-wave superconductor Nbj^i the dirty 
s-wave superconducting alloy InBi^ the d-w&ve cuprate 
superconductor Tl-2201 ^ and the s-wave superconduc- 
tor Cuo.oeTiSea^ From Fig. 4, n /T of OD20 deceases 
at low field first, then it increases slowly above H w 0.02 
T. Such a behaviour of Kq/T is distinctly different from 
nodal superconductor Tl-2201. In fact, the slow field de- 
pendence above 0.02 T is rather very similar to that of 
single-gap s-wave superconductor Cu .o6TiSe2. There- 
fore, we attribute the finite kq/T of OD20 in zero field to 
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nonsuperconducting impure phase, and the overall slow 
field dependence of k q /T manifests the underlying node- 
less superconducting gap, as in CeYb.— 

Since our sample is on the overdoped side (x > 0.04), 
and the Iri_a;Pt x Te_ is nonsuperconducting for x > 0.10, 
the nonsuperconducting impure phase in our sample 
should have the doping level higher than 0.10. By assum- 
ing the same po for different doping level in our sample, 
some 23% volume fraction of nonsuperconducting impure 
phase will give the k /T in zero field that is 23% of the 
normal state. Since the magnetoresistance of our sample 
is negligible, the decrease of k /T in low field should not 
come from the magnetoresistance effect of the nonsuper- 
conducting impure phase. Actually, it may be explained 
by vortex scattering. Above the lower critical field H c \, 
the vortex will enter into the sample, which will scatter 
those normal electrons contributed by the nonsupercon- 
ducting impure phase, and reduce the kq/T. According 
to our data, the H c \ could be as low as 0.002 T. This is 
possible, since some part of our sample may have very 
low T c due to the inhomogeneity. 

Nodeless gap does not essentially mean conven- 
tional superconductivity. For example, the node- 
less gap observed in optimally doped iron-based su- 
perconductor may be unconventional s±-wave result- 
ing from antiferromagnetic spin fluctuations^ However, 
here in Iri_ 2: Pt :E Te2, the nodeless gap is unlikely s±- 
wave, despite that there may exist charge-orbital DW 
fluctuations^ One obvious reason is that Iri_ :E Pt ;r Te2 
does not have that kind of multiple Fermi surfaces as 
iron-based superconductors<i^ Since previously nodeless 
superconductivity has been observed in Cua;TiSe2 associ- 
ated with a QCP of charge DW, it may not come as a sur- 
prise that we observe nodeless superconductivity again in 
Iri_ x Pta;Te2 with a QCP of charge-orbital DW. In both 



systems, the appearence of superconductivity may have 
little to do with the DW fluctuations. 

From the aspect of strong SOC, an unconventional 
odd-parity pairing state was claimed for the promis- 
ing topological superconductors CuzP^Seai^ However, 
both nodeless gap or gap with point nodes are allowed for 
the odd-parity superconducting state.— In this context, 
our finding of nodeless superconductivity in Iri_ 2; Pt :E Te2 
with strong SOC does not completely exclude novel su- 
perconducting state. More experiments are needed to 
clary this issue. 

In summary, we investigate the superconducting gap 
structure of overdoped superconducting Iri_ a; Pt :E Te2 sin- 
gle crystal by thermal conductivity measurements. The 
overall slow field dependence of kq/T supports nodeless 
superconductivity, while the finite kq/T in zero field and 
the decrease of hq/T in low field are attributed to the 
nonsuperconducting impure phase in the crystal. Our 
result puts a strict constrain on the paring symmetry of 
this system, when one considers the effect of strong spin- 
orbital coupling and density-wave fluctuations on super- 
conductivity. 
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